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Abstract
Understanding species richness is an important aspect of biodiversity studies and conservation planning, but varying collection
effort often results in insufficient data to have a complete picture of species richness. Species accumulation curves can help
assess collection completeness of species richness data, but these are usually considered by discrete area and do not consider
the geographical structure of collection. We consider how these can be adapted to assess the geographical structure of species
richness over geographical space. We design and implement two interactive visualisation approaches to help assess how species
richness data varies over continuous geographical space. We propose these designs, critique them, report on the reactions of
four ecologists and provide perspectives on their use for assessing geographical incompleteness in species richness.
Categories and Subject Descriptors (according to ACM CCS): H.5.2 [Information Interfaces and Presentation]: User Interfaces—
User-centered design
1. Introduction
Understanding species richness is fundamentally important for bio-
diversity studies and conservation planning [DC04, Sto16]. There
have been major efforts to collate species distribution data col-
lected over the past decades, but these are of varying quality with
different species targeted, changing nomenclature, differences in
geographical and temporal precision, and varying collection ef-
fort [MMZ∗15].
The Global Biodiversity Information Facility (GBIF; https:
//www.gbif.org/) is one of a number of initiatives that use-
fully collate fieldwork-based observations, structuring them in a
common format, to help ecologists quantify species richness and
biodiversity. For the reasons given above, bias and incompleteness
are inherent in this patchwork of datasets [BBES14], but metadata
can help determine which ones are more or less reliable for differ-
ent purposes. However, the purpose of this short paper is to consider
the geographical structure of species richness data, reporting on the
outcome of a short MSc project by the first author.
There is already a large body of work and good practice that
considers these issues in terms of data collection (e.g. incorpo-
rating species distribution models [Fra10]), quantification metrics
and analysis techniques (e.g. [BBES14]), but many of these fo-
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cus on habitat-, administrative region- and/or biozone-defined dis-
crete areas, failing to capture other spatial or scale-dependent vari-
ation [San15, WWF01] that is important for species richness. We
will focus on considering continuous space that considers both the
scale and extent of collections. Our first contribution is to con-
sider ways to assess the geographical species richness in geo-
graphical space.
The geographical structure of species richness has a number of
aspects that are worth considering, including scale and extent. In-
teractive visualisation provides means for the exploratory analysis
of data with multiple aspects [DMK05], particularly for spatial data
which can be considered at different extents, scales [GDST15] and
levels of aggregation [BDW∗08]. Our second contribution is to
suggest interactive visualisation designs to help assess species
richness data in geographical space. We report on the reactions
of four ecologists who tried these out.
2. Related work
Studies of species richness usually have a strong reliance on maps
for indicating geographical variation and the impact of scale on
species richness [KBB∗11, RG01]. Interactive maps which en-
able scale and extent to be varied through interactions such as
zooming/panning, interactively changing the level spatial aggrega-
tion/smoothing and filtering on different species and other char-
acteristics are widespread for spatial phenomena (e.g. [BDW∗08])
and for biodiversity (e.g. [SvL13]). We use these interactive ap-
proaches, including zooming and planning to select geographical
extents for comparison.
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Completeness of species richness can be assessed with a species
accumulation curve representing the species richness [UGE03,
R∗95] (e.g. number of unique species) as a function of a measure
of the sampling effort (e.g. number of observations). With sampling
effort on the x-axis and species richness on the y-axis, if the result-
ing species accumulation curve flattens off (as in Fig. 2, bottom),
we can identify the collection effort (x-axis) at which we appear
to have a relatively complete picture of species richness (y-axis).
Where curves do not flatten off (as in Fig. 2, top), we likely have
an incomplete picture of species richness. Lobo et al. developed an
application to visualise the survey effort of different regions at dif-
ferent scales, inferring level of completeness from species accumu-
lation curves [LHY∗18]. Edler et al. use an interactive map and a
multi-scale approach to help identify biozones based on species dis-
tribution data [EGZ∗17]. We adapt species accumulation curves
by putting distance or scale on the x-axis. The shape of the curve
then reflects the geographical heterogeneity of species. Where there
are discontinuities in the curve’s gradient, there is heterogeneity in
the area, perhaps indicating that the area spans difference habitat
types. Curves that do not flatten off may indicate that areas are in-
completely collected areas (as for species accumulation curves),
however this may also be caused by insufficient data samples.
Utteridge et al. use two species accumulation curves to com-
pare the species richness and collection patterns for two different
habitats of New Guinea [UdK07]. By comparing the shapes of the
curves, they concluded that the assessment of species richness was
better in one habitat compared to the other with higher species rich-
ness. We use interactive graphics to help compare likely com-
pleteness of species richness between areas, but also a gridded ap-
proach that facilitates comparison over a large area.
3. Case study area: New Guinea
This work uses New Guinea as a case study. The island holds a
diverse range of habitats with the world’s richest flora and is recog-
nised as a biodiversity and conservation hot-spot [CLFA∗20]. How-
ever, the island is far from being uniformly collected and large areas
remain under-explored.
Species occurrence data is from the Global Biodiversity Infor-
mation Facility (GBIF) from the past century which contains data
from a range of data collections activities at different times and pre-
cisions. Each row contains information on one observed specimen.
We only consider occurrences that are georeferenced, representing
about 400,000 occurrences, including more than 35,000 different
plant species.
The island of New Guinea comprises the comparatively well-
collected Papua New Guinea and Western New Guinea, which is
part of Indonesia. Fig. 1 indicates that the number of observations
has a similar pattern to species richness (i.e. number of unique
species). The question is: is this increase species richness simply
because there has been greater collection effort there?
4. Designs and critique
Our prototype designs help make our two stated contributions: (a)
to consider how to assess the spatial structure of species richness
Figure 1: New Guinea: Top: Observations. Middle: Density of ob-
servations. Bottom: Density of species. There are more observa-
tions and more species diversity for Papua New Guinea (Eastern
half) that Western New Guinea, but how does this relate to collec-
tion effort?
and completeness in geographical space and to (b) suggest interac-
tive visualisation designs to help to this. We will use the term “well
collected” to refer to apparent high completeness of the species
richness picture, which is where the species accumulation curves
flattens off, if indeed it does (assuming enough samples have been
collected, as explained in section 2). Both our designs use species
accumulation curves, but use spatial equivalents of “measurement
effort”, and take two approaches. Design 2 specifically addresses
some limitations we identified with Design 1 as described below.
Note that for the purposes of this study, we are assuming that
the species accumulation curve is a “well collected”, however, as
already noted, the inherent data bias and other issues mentioned
earlier are likely to compromise this.
4.1. Design 1: Exploration and comparison of species richness
for two locations
Design 1 was designed to (a) explore species richness and its
variations across different scales, (b) estimate to which extent the
perceived species richness is an accurate reflection of the reality
© 2021 The Author(s)
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Figure 2: Design 1 has a species accumulation curve that is constrained to the map area indicated to its right, with species accumulated
from the centre outwards. Maps can be interactively zoomed and panned, resulting in the curve being updated dynamically. The lower curve
(for the area indicated on the lower right) is more “well-collected” (at a 10 000km2 collection area) because it flattens off. This is not the
case for the upper curve (for the area indicated on the upper right).
on the ground, and (c) enable its comparison to another area. It
achieves these goals by facilitating comparison of species accumu-
lation curves for two interactively-defined areas. The prototype was
implemented as an RShiny application, using the Vegan, Tidyverse,
Leaflet, Leafgl and Plotly libraries. Fig. 2 shows the prototype for
Design 1. It has two accumulation curves with corresponding maps.
Curves are automatically updated as map areas are interactively de-
fined with zoom/pan interactions. They can be zoom/panned inde-
pendently of each other. This means that they can be set to have the
same or different areas (through panning) and/or scales (through
zooming).
We use the circular area (1000km2) that is centred on the map
centre, for the x-axis as “measurement effort”. Records are accu-
mulated from the centre (thus the square of the distance from the
map centre) helping estimate the collection level in different areas.
To assist with defining appropriate map areas, the heatmap indi-
cates density of observations.
A couple of design limitations became apparent for this design:
• It is sensitive to the specific location centred on the map area.
Panning the map may result in quite a different curve, because
it affects the way in which observations are accumulated. Addi-
tionally, the reliance on point locations makes broader compar-
isons across space more difficult to do
• It is limited to two locations and – as such – difficult to compare
across space systematically.
4.2. Design 2: Comparison across geographical space
Fig. 3 shows Design 2, which helps address the limitations iden-
tified in Design 1. Visualisation can be effective for summarising
data across multiple scales [GDST15] and this TileMap [Sli18]
© 2021 The Author(s)
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Figure 3: Design 2 is a regular array of spatially-local species ac-
cumulation curves indicating variation in species richness at dif-
ferent scales and across geographical space.
enables comparison of the required collection scale for well-
collected data across a systematic set of multiple areas. It does
this by tiling a set of local species accumulation curves on a map, in
which we use scale on the x-axis as the “measurement effort”. Thus
these spatially-local species accumulation curves, indicate varia-
tion in species richness at different scales and across geographi-
cal space.
Figure 4: These spatially local species accumulation curves show
species richness as a function of scale, with the red area indicating
the interquartile range of all the areas within the grid square.
Fig. 4 illustrates how the species accumulation curves show
variation in species richness across different geographical scales
and across geographical space. These spatially-local curves (con-
strained for the land area defined by the grid cell boundaries) report
the distribution of species richness at a variety of scales, from the
scale represented by 1 pixel to the whole grid square. The red line
indicates the median species richness. The shaded area indicated
the interquartile range which represents heterogeneity in recorded
species richness, converging to zero on the right as only one species
richness measurement exists for the whole grid cell. There are up-
dated in response to zoom/pan interactions; since the grid cells re-
main the same size in screen-space, it results in a new set of lo-
cal curves for a different spatial extent (though panning) and spa-
tial resolution (through zooming). This design enable comparison
across scales (through x-axis of the curve) across space (through
the regular grid sampling). The shape of the curves gives indication
on the species richness and geographical completeness. In Fig. 3 a
variety of shapes of curve, indicate different likely completeness of
species richness scenarios, with area at the top-right in which there
is more heterogeneity in species richness within the grid cells.
Figure 5: Local species accumulation curves, with a common y-
axis (top) and a locally-scaled y-axis (bottom), indicating large
differences in species richness.
Fig. 5 shows the effect of absolute and relative species-richness
scaling; the former indicating species richness and the latter giving
a better representation of the local species accumulation curves.
Switching between both is useful for interpretation, but symbol-
ising the absolute species richness on the relatively-scaled curves
might be more effective.
Some observations in the upper map (Fig. 5; absolute species
richness scaling):
• In the bottom row, a species accumulation curve with high
species richness indicates “well collected” data at a scale of
about half the grid-cell size scale, but has a lot of heterogene-
ity within, probably due to it being a grid cell containing both
land and sea.
• Under the “PAPUA NEW GUINEA” label is a species accumu-
lation curve, again, indicating high species richness, but is not
“well collected” because it doesn’t flatten off. This suggests the
species richness is likely to be higher than recorded.
The lower map has some really interesting curves. Some obser-
vations (Fig. 5; relative species richness scaling):
• The curve at A has in unusual inverse shape and may indicate
where species are very locally-specific and are only picked up
when considered at larger scales.
• The curve at B is has a large discontinuity in it, perhaps indicat-
ing that it straddles different habitat types.
© 2021 The Author(s)
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• The curve at C has an ‘S-shape’, indicating that it is well-
collected at one scale, but poorly collected at larger scales. This
may be because we have two very different habitats: marine and
terrestrial.
Some of these may be vulnerable to low numbers of observa-
tions, but are worthy of more investigation.
Again, we critiqued our design:
• Where the y-axes of curves are scaled to the local (grid) maxi-
mum, although curves can be easily compared, it is difficult to
identify those for which there is too little data to produce reliable
results.
• The gridding is a rather arbitrary discretisation that does not take
into account topographic features (including coastlines) and bio-
zones. Differences in species richness that result from grid cells
straddling very different habitats may be obscured, and the con-
text to determine this is not provided (though the base-map will
provide some clues).
• Although local curves are not so sensitive to location because
they consider the whole distribution of all areas at the given
through throughout the grid cell, they are still sensitive to the
“Modifiable Areal Unit Problem (MAUP)” in which results are
dependent on the grid aggregation [Ope81,Sli18,MBFB18]. Pan-
ning the map will result in changes the curves. The degree of this
change will indicate the degree to which MAUP is responsible
for the patterns depicted by the curves
5. Participant study
As demonstrated above, we have critiqued our designs in terms
of data quality and the visual depiction of the data. However, we
wanted to get some ecologists’ views on our approaches. We asked
four ecologist scientists from Kew to give their perspectives on
these approaches and our designs. We set up one-to-one sessions
with all four. Unfortunately, due to COVID restrictions, we were
not able to do this in-person and due to associated unexpected
technical problems, participants were unable to use the interactions
themselves. Instead, we screen-shared and carried out the interac-
tions on their behalf according to their instructions.
For each participant, we (a) demonstrated each design; (b) asked
them to carry out a number of tasks related to our stated contri-
butions (interactive visualisation for assessing species richness and
completeness in a continuous geographical context); and (c) asked
for their perspectives on its apparent success, suggestions of further
things to consider, and potential uses of these techniques.
5.1. Suitability of the designs
Participants were asked a set of indicative questions that enabled
them to use the designs for interactively assessing species richness
and completeness in a continuous geographical context: (a) inter-
preting a curve at a specified location; (b) Interpreting comparison
of curves for two specified areas; (c) identifying on well-collected
vs non-well-collected areas and commenting on their reasons; (d)
making general statements across geographical space. None of the
participants had seen or used such interactive tools for helping
make such assessments. Perhaps not surprisingly, they were able to
carry out these tasks, with Design 1 being more suitable for tasks a-
c and Design 2 being more suitable for task d. However, the greatest
value in asking them to carry out these tasks was to get their reac-
tions and suggestions.
Figure 6: Investigating whether the higher species richness in
Papua New Guinea (East) than in Western New Guinea is due to
more collection effort. Top: Design 1, indicating that both sides are
relatively “well-collected”. Bottom: Design 2, indicating that West-
ern New Guinea is not “well-collected” but Papua New Guinea is
slightly better collected.
5.2. Additional contextual information that would be useful
In a follow-up questionnaire, participants suggested that habitat and
land-use boundaries (as an indication of changes in the species as-
semblage), roads (as an indication of researcher accessibility), el-
evation (as an indication of conditions) and protected areas (as an
indication of human disturbance) would be very useful contextual
information for helping with interpretation.
Many of the issues originally mentioned about data quality were
unsurprisingly parts of the discussion, with participants confirming
that more information about the quality of data (spatial precision,
when collected, etc) and the ability to filter on families and taxa
would help assess to what degree observed patterns may be arte-
facts of data deficiencies.
© 2021 The Author(s)
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5.3. Possible uses of these designs
In the same follow-up questionnaire, participants suggested possi-
ble uses in their work. Suggestions included: (a) using for planning
field work and collecting trips; (b) helping understand problems
and gaps in the collection; (c) exploring the species turnover be-
tween habitats, (d) exploring species loss in certain areas; and (e)
helping define protected areas.
6. Papua New Guinea (East) vs Western New Guinea
To turn our attention to the question posed in Fig. 1, Design 1 in
Fig. 6 (top) seems to indicate that both parts of New Guinea are
reasonably “well-connected”. However this if the maps are panned,
the curves are very unstable, indicating a sensitivity to the location
at the centre of the map. However, Design 2 in Fig. 6 (bottom)
indicated that neither part is well collected across the scales, but
Papua New Guinea is perhaps more so.
7. Reflections and conclusion
We consider and suggest approaches, visual encodings and interac-
tions for helping assess spatial variation in collection completeness
for species richness. We adapted species accumulation curves by
using distance and scale measures of sampling effort, and incor-
porating these into two interactive designs that facilitate their con-
struction and comparison. The interactively enabled geographical
extents define and update species accumulation curves.
We critiqued our designs, with Design 2 addressing some of the
issues in Design 1. Design 2 summarises the spatial structural of
species richness more robustly; however some issues remain. Our
observations in Fig. 5 and experiment in section 6 are initial in-
vestigations into how well these work; but this needs more work.
Our small participant study suggested that both designs are capa-
ble of helping different aspects of assessing species richness and
completeness in a continuous geographical context.
Feedback from participants has suggested additional geograph-
ical contextual information that could be usefully added. We also
think that automated approaches for extracting insights from these
species accumulation curves could be a useful addition. Partici-
pants also suggested a number of other possible uses, each of which
could be the basis of a design study in future and interactive visuali-
sation could be part of the solution. The suggested use for assessing
helping assess data quality is a good use-case.
Although participants use species accumulation curves they had
not used them in an interactive way before. The implementation
of Design 1 as an RShiny application using standard open-source
packages that are already used by ecologists, makes these methods
accessible to the wider community and there is the opportunity to
be involved in popularising their use. Design 2 was a custom-built
prototype whose techniques are not widely accessible yet, but it
demonstrates the possibilities for depicting multi-scale information
across geographical space that likely also apply to other aspects of
ecology.
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